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Abstract 
 
      In this paper, we are focusing on exploring the impact of linear regression based statistical analysis of 
observed civil data sets that can be used to identify the eqation to improve the efficiency and effectiveness of 
future data collection and further refinement of activities in various civil engineering applications. The cutting 
edge technology in modern day construction emphasizes the quest for high strength concretes to ultra-high 
strength concretes. The high strength concretes are manufactured invariably by the selective addition of several 
mineral admixtures like silica fume, metakaoline, flyash, rice husk ash, ground granulated blast furnace slag, 
etc. The manifold applications of concrete desired to have a compressive strength ranging from 60 to 100 MPa 
has made a paradigm shift for the need of High Strength Concrete (M60) in the construction scenario. The 
present paper of this research work focuses on the flexural response of M60 beams under cyclic loading. We are 
taking the datasets of volume fraction and compressive strength of concrete as two independent variables to 
generate equation using linear regression. The data sets are gathered by means of perfoming real-time 
experiments. The experimental programme consisted of six M60 beams prepared by the addition of 8% silica 
fume at a constant water-cement ratio of 0.36 with different percentages of tension reinforcement and variation 
in spacing of shear reinforcement. All the beams are designed for under reinforced condition. The steel ratio is 
modified in terms of 1.0%, 1.25% and 1.5% and the shear reinforcement is spaced at 100 and 200 mm c/c 
combinations. The purpose of variation in tension steel ratio and shear reinforcement spacing is to find out the 
effect of confinement in strength, ductility and cracking. The test on beams is carried out under cyclic loading 
till failure to obtain the engineering performance and other associated properties. The test results indicated that 
there has been a wide range of enhancement in parameters like strength, deformation, ductility, and 
minimization of cracks and crack width. Also the experimental results are validated with the analytical model 
developed using regression analysis computed using Minitab software. 
 
Keywords: High strength concrete, Silica fume, Confinement, Cyclic loading, Steel ratio, Under reinforcement; 
Linear Regression; Minitab; 
 
 
1. Introduction 
      The use of high strength concrete (with f’c>50MPa) is very common in buildings and other structures 
designed recently. Economy, superior strength, stiffness and durability are the major reasons for its popularity. 
Structural Engineers are presently exploring the benefits of using this efficient material in various applications. 
      High Strength Concrete has compressive strength of upto 100 MPa as against conventional concrete which 
has compressive strength of less that 50 MPA.  Concrete having compressive strength greater than 200 MPa is 
classified as Ultra high strength concrete.   The ingredients of high strength concrete are the same as those used 
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in conventional concrete with the addition of one or two admixtures, both chemical and mineral.  A proper mix 
can be obtained using a proper particle packing method and it is essential to use a plasticizing chemical 
admixture to produce high strength concrete.  Generally, water-reducing admixtures (WRA’s) are used. 
 
2. HSC – An Overview 
2.1. Need for High Strength Concrete 
i. To put the concrete into service at much earlier age, for example opening the pavement at 3-days  
ii. To build high-rise buildings by reducing column sizes and increasing available space. 
iii. To build the superstructures of long-span bridges and to enhance the durability of bridge decks. 
iv. To satisfy the specific needs of special needs of special applications such as durability, modulus of 
Elasticity and flexural strength. Some of these applications include dams, grandstand roofs, marine foundations, 
parking garages and heavy duty industrial floors. 
 
2.2. Classification of concrete 
Concrete is classified based on IS 456:2000 and as per ACI code as furnished in Table 1 and 2 
Sl. No Name of Group of Concrete Grade Designation 
1 Ordinary Concrete M10 to M20 
2 Standard Concrete M25 to M55 
3 High Strength Concrete M60 to M80 
Note: M refers to mix and the number to specified compressive strength of 150 mm size cube at 28 
days expressed in N/ mm2 
Table 1: Classification based on IS 456:2000 
Sl. 
No Name of Group of Concrete 
Concrete Strength 
(Cylinder Strength f'c) 
1 Normal Strength Concrete (NSC) 21 MPa to 42 MPa 
2 High Strength Concrete (HSC) 60 MPa to 90 MPa 
3 Ultra High Strength Concrete (UHSC) 115 MPa to 160 MPa 
Table 2: Grouping concrete as per ACI code 
2.3. Aggregates 
Aggregates overwhelmingly occupy the largest volume of any constituent in concrete and profoundly influence 
concrete performance in both the fresh and hardened states.  Selection of appropriate aggregates is important for 
all structural concretes, regardless of strength. 
 
Fine-aggregate: 
      The optimum gradation of fine aggregate for high-strength concrete is determined more by its effect on 
water demand than on particle packing.   
WƌŽƉĞƌƚŝĞƐ &ŝŶĞŐŐƌĞŐĂƚĞ
Absorption 2.8% 
Specific gravity 2.60 
Density 1726 kg/m3 
Sulphate content 0.75% 
Table 3: Properties of fine aggregate 
 
Coarse-aggregate: 
        As the target strength increases, the properties of aggregates as they relate to water-demand become less 
relevant and the properties that relate to interfacial bond become more important.  Even though the water 
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demand of smaller size coarse aggregates is higher, having greater surface area (and correspondingly greater 
interfacial bonding potential), smaller aggregates become more desirable as the target strength increases. 
 
WƌŽƉĞƌƚŝĞƐ ŽĂƌƐĞŐŐƌĞŐĂƚĞ
ďƐŽƌƉƚŝŽŶ ϭ͘ϭϭй
^ƉĞĐŝĨŝĐŐƌĂǀŝƚǇ Ϯ͘ϳϵ
ĞŶƐŝƚǇ ϭϱϳϬŬŐͬŵϯ
^ƵůƉŚĂƚĞĐŽŶƚĞŶƚ Ϭ͘Ϭϴй
Table 4:  Properties of Coarse aggregate 
2.5 Supplementary Cementitious materials for HSC 
Fly ash, Ground Granulated Blast furnace slag (GGBS), Metakaolin, Silica Fume, Hyper plasticizer,  
     The assessment of response of concrete structures depends on the accuracy of various basic properties 
concrete. Most of the present codal provisions are based on the tests on Normal Strength Concrete and their 
extension to High Strength Concrete may prove to be dangerous. Finally it is stressed that various codal 
provisions need a thorough revision for the effective and beneficial use of High Strength Concrete in structures 
 
3. Experimental observation 
 
3.1 Control specimens: 
       Control concrete specimens consisted of 3 cubes, 3 cylinders and 3 flexural beams. They were cast and 
tested for 28-days strength to determine the properties of M60 concrete. The variables considered in the study 
were the percentage of steel and stirrups spacing. The details of the specimen is shown in the Table 5. 
 
Specimen 
Tested for No. of  Specimens Type Size 
Cube 150x150x150mm 
Compressive 
Strength 3 
Cylinder 150x300mm 
Compressive 
Strength 3 
Prism 100x100x500mm 
Flexural 
Strength 3 
Table 5: Details of Control specimens 
 
3.2 Materials: 
     The cement used was Ordinary Portland Cement (OPC) 43 grade conforming to IS 8112:1989. The coarse 
aggregates used consisted of 10mm and 20mm size crushed stone angular aggregates conforming to IS 
882:1992. The fine aggregate used adhered to grading zone II conforming to IS 882:1992.  Water used was 
specified to be of potable quality. Densified form of micro-silica as mineral admixture was used at 8% by 
weight of cement and its properties as supplied by the manufacturer. 
 
3.3 Concrete mix proportion: 
     In this study, concrete of grade M 60 was used and it was designed as per the ACI Standard. The mix was 
designed with a water-cement ratio (w/c) of 0.36. The concrete mix proportion used in the test program is 
presented in the Table 7. 
 
Grade of  
Concrete Cement FA CA 
Water 
@0.36 W/c
ratio 
Silica Fume 
@ 8% 
wt of cement 
Hyperplasticizer @ 
1% 
 wt of cement  
  Kg/m3 Kg/m3 Kg/m3 Kg/m3 Kg/m3 Litre/m3 
M60 450 750 10mm = 450 160 36 4.5 20mm = 680 
Table 6:Constituents of concrete mix 
 
3.4 Testing procedure: 
Cubes were tested in a standard compression testing machine of 2000 kN capacity as per IS.516:1959 to 
determine the compressive strength of concrete.  Cylinders were tested in a standard compression testing 
machine of 2000 kN capacity as per IS 516:1959 to determine the compressive strength of the concrete. The 
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cylinder was attached with a compressometer to determine the static modulus of elasticity experimentally. The 
prisms were tested in a flexural testing machine of 1000kN capacity under two-point loading in accordance with 
IS 516:1959.  The load was applied in increments and the load corresponding to first crack and the maximum 
load reached were noted for each specimen. The readings were taken until the failure of the specimen.  The 
experimental programme was conducted to study the flexural performance of the HSC beams. The research 
work consisted of casting a total of 12 rectangular beams of  cross-section 150mm x 250mm and 3m long. Out 
of the 12 beams, 6 beams were tested under monotonic loading and 6 beams were tested under cyclic loading 
conditions. 
  
4. Fitness analysis using regression method 
      
4.1 Regression: 
     In statistics, regression analysis is a statistical process for estimating the relationships among variables. It 
includes many techniques for modeling and analyzing several variables, when the focus is on the relationship 
between a dependent variable and one or more independent variables (or 'predictors'). 
4.2 Line fitting using Linear Regression: 
     Linear regression attempts to provide the relationship between two or n-variables by fitting a linear equation 
to observed dataset. One variable is considered to be an explanatory variable, and the others are considered to be 
a dependent variable. For example, in our analysis, to find out the equation for yield load, we are using pt, fck 
and sv as variables. The equation for yield load will be generated using these 3 variables.  Before attempting to 
fit a linear model to observed experimental data, we should first determine whether or not there is a relationship 
between the variables of interest.  Since the linear equation depends on the above mentioned 3 factors, it is 
possible to fit the values into the regression  equation. This does not necessarily imply that one 
variable causes the other (for example, higher fck scores do not cause higher fitness of the outcome), but that 
there is some significant association between the used variables.  
4.3 Least squares regression 
     The most commonly used method for fitting a regression line to generate equation is the method of least-
squares. This method calculates the best-fitting line for the observed experimental data by minimizing the sum 
of the squares of the vertical deviations from each data point to the line (if a point lies on the fitted line exactly, 
then its vertical deviation is 0). The reason is, the deviations are first squared, then summed, there are no 
cancellations between positive and negative values. 
 
Example: 
Experimental data for Total No. of Cycles (Cyclic test): 
Var-1 var-2 var-3 
Beam 
ID 
pt fck Sv Total No.of Cycle 
% N/mm^2 mm No 
HSC-P1 1.14 67.56 100 9 
HSC-P2 1.14 68.44 200 9 
HSC-Q1 1.37 68.00 100 11 
HSC-Q2 1.37 65.77 200 11 
HSC-R1 1.6 66.22 100 10 
HSC-R2 1.6 66.67 200 10 
Table 8: Experimental results for total number of cycles under Cyclic test 
 
The observed data from our experiments is presented in Table 8.  This has 6 beam IDs and uses 3 variables (pt, 
fck and Sv).  The total number of cycles observed is presented based on conducted experiments for each beam 
ID. 
 
Generated equation (1) for total number of cycles using  Linear regression method using these 3 variables; 
 
 ----------(1) 
 
We had applied the values of the three variables (pt, fck and sv) on to each Beam ID over the generated 
regression equation (1) 
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Outcome data for Total No. of cycles (Cyclic test) over generated Equation: 
 
Beam ID pt fck Sv 
Total 
No.of 
Cycle 
% N/mm^2 mm No 
HSC-P1 1.14 67.56 100 ϵ͘ϱϳϬϴϰ
HSC-P2 1.14 68.44 200 ϵ͘ϯϬϯϵϲ
HSC-Q1 1.37 68.00 100 ϵ͘ϳϵϱϳ
HSC-Q2 1.37 65.77 200 ϭϬ͘Ϯϯϭϲϴ
HSC-R1 1.6 66.22 100 ϭϬ͘ϱϮϮϮϴ
HSC-R2 1.6 66.67 200 ϭϬ͘ϯϱϮϱϴ
 
Table 9: Outcome using equation (1) over each beam ID using 3 variables 
 
We are seeing near match values on the equation outcomes in comparison with observed data using 
experimental values. However, we are visually presenting these equation outcomes based on grouping of Beam 
IDs such as P1,Q1,R1 in a range and P2, Q2,R2 in another range. 
 
For these data range we are seeing Fitness (p-value)=0.687  and RMS error=2.66908 
 
&Žƌ,^ͲWϭ͕,^ͲYϭĂŶĚ,^ͲZϭ &Žƌ,^ͲWϮ͕,^ͲYϮĂŶĚ,^ͲZϮ
&ŝŐƵƌĞϯ͗ǆƉĞƌŝŵĞŶƚĂůǀƐƋƵĂƚŝŽŶ;Wϭ͕Yϭ͕ZϭͿ
 &ŝŐƵƌĞϰ͗ǆƉĞƌŝŵĞŶƚĂůǀƐƋƵĂƚŝŽŶ;WϮ͕YϮ͕ZϮͿ
5. Test results on equation data over experimental data 
5.1.1 Yield load: 
The test results show that the load carrying capacity varied with different percentage of steel and also with shear 
reinforcement spacing. In beams with 1.14% of  reinforcement, the yield load increased by 5.88% in 100 mm 
spacing of shear reinforcement when compared to 200 mm spacing of shear reinforcement. In beams with 
1.37% of reinforcement, the yield load increased by 5.26% in 100 mm spacing of shear reinforcement when 
compared to 200 mm spacing of shear reinforcement. In beams with 1.60% of reinforcement, the yield load 
increased by 9.52% in 100mm spacing of shear reinforcement when compared to 200 mm spacing of shear 
reinforcement.      The variation of yield loads for 1.14%, 1.37% and 1.60% of reinforcement with 100 and 200 
mm  spacing of reinforcement is observed. 
 
5.1.2 Ultimate Load: 
       In beams with 1.14% of reinforcement, the ultimate load increased by 4.17% in 100 mm spacing of shear 
reinforcement when compared to 200 mm spacing of shear reinforcement. In beams with 1.37% of 
reinforcement, the ultimate load increased by 3.57% in 100 mm spacing of shear reinforcement when compared 
to 200 mm spacing of shear reinforcement. In beams with 1.60%  of reinforcement, the ultimate load increased 
by 6.67% in 100 mm spacing of shear reinforcement when compared to 200 mm spacing of shear reinforcement. 
The variation of ultimate loads for 1.14%, 1.37% and 1.60% of reinforcement with 100 and 200 mm spacing of 
reinforcement is was observed. 
 
5.1.3 Impacts of deflection: 
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      Deflection of a beam primarily depends on the loading, span, moment of inertia of the section and elasticity 
modulus of concrete. In beams with 1.14% of reinforcement, the yield deflection decreased by 9.09% in 100mm 
spacing of shear reinforcement when compared to 200mm spacing of shear reinforcement. In beams with 1.37% 
of reinforcement, the yield deflection decreased by 7.74% in 100mm spacing of shear reinforcement when 
compared to 200mm spacing of shear reinforcement. In beams with 1.60% of reinforcement, the yield deflection 
decreased by 31.72% in 100mm spacing of shear reinforcement when compared to 200mm spacing of shear 
reinforcement. The variation of yield deflections for 1.14%, 1.37% and 1.60% of reinforcement with 100 and 
200 mm spacing of reinforcement was observed. 
 
6. Key outcomes on usage of HSC Structures analyzed using regression model 
• Reduction in member size, resulting in an increase in the usable floor space, reduction in the quantity of 
concrete and a consequent reduction in construction time. 
• Reduction in self-weight and a consequent reduction in the foundation cost. 
• Reduction in the area of the formwork and the time required for stripping forms. 
• The ability to withstand large column loads with reasonable sizes of columns. 
• Reduction in axial shortening effects in columns. 
• Reduction in floor thickness and beam height. 
• Elimination of a few footings because of adoption of larger spans. 
• Superior durability and long-term performance. 
• Lower creep and shrinkage. 
• Larger stiffness as a result of a larger value of Young’s modulus of concrete. 
• Higher resistance to crack propagation, chemical attack, etc.
• Reduced maintenance costs. 
7. Conclusion 
     In the context of tall buildings and large-span bridges, it is clear that use of high-strength concrete leads to 
reduced column sizes and beam depths.  In addition, it results in improved performance in terms of creep, 
shrinkage, and other elastic properties that yield a more favourable deformation pattern for tall buildings.  The 
improved elastic properties also liit the sway and reduce elastic shortening and other secondary effects.  Hence, 
high-strength concrete has found application in various structures used by various industries such as Railway 
bridges, highway bridges, diaphragm walls, oil drilling rigs, High-rise reinforced concrete buildings, Reinforced 
concrete piles, prestressed concrete piles, spun piles, steel concrete composite piles, centrifuged RC piles, 
railway sleepers, machine foundations etc., 
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